A new pressurized vitiated co-flow burner (PVCB) was designed and built for the investigation of lifted flame properties and was supported by a vitiated co-flow of hot combustion products from a lean H 2 /air flame at a controllable pressure; its preliminary application for a methane lifted flame was tested. The distribution of the co-flow temperature, oxygen mole fraction, flow rate, and pressure of the PVCB was measured and calculated. The research results show that the co-flow temperature range is from 300 to 1300 K, the background pressure range is from 1 to 1.5 bar, the stable temperature field of the PVCB is wider, and the background pressure of the PVCB can be controlled. The simulation results show that the PVCB provides a controllable, pressurized co-flow of hot and vitiated gases, which makes it possible to investigate flame stabilization mechanisms. The PVCB has the advantages of controllable background pressure and a stable temperature field. The well-defined uniform boundary conditions and simplified flow of the PVCB simplify the establishment of a numerical model and decouple the turbulent chemical kinetics from the complex recirculating flow. It can be widely used in the research on lifted flames. A lifted flame of methane was recorded under conditions of a co-flow temperature of 1133 K and pressure from 1 to 1.043 bar. The lift-off height decreased and stabilized with the increase in the background pressure. The laminar flame speed and the autoignition delay time were tested and simulated at the same time by Chemkin; the influence of background pressure on the lift-off height, laminar flame speed, and autoignition delay were analyzed. The results show that the autoignition, as well as the flame propagation, dominated the stabilization mechanism of the lifted flame in the PVCB.
Introduction
A turbulent jet flame is a typical turbulent combustion mechanism in internal combustion engines and gas turbines, and it is also a fundamental topic in combustion science. When the jet velocity is sufficiently large, the flame will leave the nozzle and become a lifted flame [1, 2] . The stability of turbulent jet flames is very important for turbulent combustion design, concerning its safety, efficiency, and emission control.
Once the flame is lifted, the position of the flame base is mainly determined by the balance between the jet velocity and the burning velocity, while a possible mechanism that can prompt flame stability is autoignition [3] . Finite-rate chemistry effects and highly complex interactions between chemistry and turbulence at the flame make the accurate modeling of jet flame stabilization a fairly challenging task. The investigation of turbulent jet flame stability in a hot environment and combustion products will be useful for improving combustion technology. It is very important to study the autoignition of jet fuel and the stabilization mechanism of the lifted flame in hot co-flow in order to provide an experimental different trends at different temperatures. The flame stabilization was dominated by flame spread at a higher temperature (1101 K) and was primarily controlled by the autoignition phenomenon at a lower temperature (996 K).
Because of the limitations of the VCB, these studies were performed at atmospheric pressure. North et al. [23, 24] built a pressurized VCB that provided the background pressure instantly. They tested the pressure trace and the N 2 /H 2 flow rates of the central jet and took a snapshot of the lifted N 2 /H 2 jet flame in transient state. However, higher-temperature co-flow could not be achieved in their investigation (lower than 900 K).
In this paper, a pressurized vitiated co-flow burner (PVCB) was designed and built to study the lifted flame stabilization mechanism of central jet fuel, and a methane lifted flame under different background pressures was investigated in it. The characteristics of the pressurized CATA of the PVCB were investigated by experiments and a simulation method. In the PVCB, the lifted flame entrains vitiated hot co-flow air before it ignites, which simulates the recirculation in gas turbines.
The PVCB provides a controllable, pressurized co-flow of hot vitiated gases, which makes it possible to investigate the flame stabilization mechanisms and fuel injection in a controllable environment. Compared with a VCB, the PVCB has the advantage of controllable background pressure. In addition, a wider and more stable temperature field can be achieved. The well-defined uniform boundary conditions and simplified flow of the PVCB simplify the establishment of a numerical model and present an opportunity for investigating the chemical kinetic complications inherent when recirculation is involved, as well as the complications involved with high-Reynolds-number turbulence. The PVCB configuration is also relevant to applications; it can represent a compact and geometrically simplified version of the Alstom GT24/26 second-stage burner (Sequential EV), which also injects gas fuel (such as H 2 ) into hot products of lean premixed H 2 combustion. Figure 1 shows the schematics and photos of the PVCB. The PVCB has the same advantages as a VCB, including a controllable thermal atmosphere and stable boundary conditions. Regarding the façade of the PVCB shown in Figure 1a , the PVCB is semi-closed with two windows on each side of the combustion chamber, through which the lifted flame can be observed and measured by optical equipment, such as a high-speed camera, LIF (laser induced fluorescence), and particle image velocimetry (PIV). The functions of the walls of the combustion chamber and the flashback chamber can be described as follows: (1) to prevent air from affecting the co-flow flame on the perforated brass plate; (2) to serve as part of the semi-closed structure to form the background pressure. Figure 1b ,d shows the schematic layout and photos of the PVCB, respectively. The burner mainly consists of a flashback chamber, flame arrestor, combustion chamber, central jet pipe, and exhaust valve. The H 2 /air mixture flow into the flashback chamber from the bottom and pass through the flame arrestor. A uniform distribution of the co-flow is formed in the flashback chamber; the length of the chamber is 1100 mm. The co-flow mixture passes through the perforated brass plate (Figure 1c ) and flows into the combustion chamber. The H 2 /air mixture is ignited to form an oxygen-rich premixed co-flow flat flame. By adjusting the diameter of the outlet (0-20 mm), the background pressure can be adjusted.
Experimental Setup and Procedure

Structure of PVCB
The flashback chamber is located below the perforated brass plate, where H 2 and air form a combustible mixture. The flame arrestor is located inside the flashback chamber, where it is filled with small glass beads with diameters of 2-3 mm. In case of backfire of the co-flow flame, the flame arrestor can prevent the flame from propagating to the co-flow inlet pipe. The flame arrestor is also beneficial to the mixing of H 2 and air. Figure 1c shows the perforated brass plate, which has 350 uniformly distributed holes. The design of the regular triangle is adopted for the layout of the holes, which means the distances between a hole and the nearest six holes are the same. The perforated brass plate also effectively prevents the co-flow flame from propagating to the flashback chamber. The diameter of the perforated brass plate is 120 mm, the thickness of the brass plate is 15 mm, the diameter of each hole is 1.6 mm, and the block area is 88% of the total plate (blockage). As long as the velocity of the air/H2 premixture in the holes is higher than the flame propagation speed of the H2/air mixture, backfire will not occur. The velocity of the air/H2 premixture in the holes is calculated by Equation (1):
In the formula, Vhole is the velocity of the air/H2 premixture in the holes and Vbulk is the velocity of the air/H2 premixture in the flashback chamber; Vbulk is assumed to be 1 m·s −1 , and B is the blockage (88% for our devices). The results indicate that Vhole is 8.3 m·s −1 . The flame propagation speed of the H2/air mixture is calculated under the conditions of 298 K, 1 bar, and a chemical equivalence ratio to obtain the maximum value of the H2/air premixture flame of 2.6 m·s −1 ; Vhole exceeds 3 times the flame propagation speed of the H2/air mixture to ensure that backfire does not occur under normal working conditions.
The central jet pipe is installed through the center of the perforated brass plate. The inner diameter of the central jet pipe is 4.6 mm, and the height from the outlet of the nozzle to the plate is 30 mm. The height of the thermocouple detection point is in accordance with the outlet of the nozzle, and the radial distance is 15 mm. The acceptable variation of the thermocouple is ±1.5 K. Figure 1c shows the perforated brass plate, which has 350 uniformly distributed holes. The design of the regular triangle is adopted for the layout of the holes, which means the distances between a hole and the nearest six holes are the same. The perforated brass plate also effectively prevents the co-flow flame from propagating to the flashback chamber. The diameter of the perforated brass plate is 120 mm, the thickness of the brass plate is 15 mm, the diameter of each hole is 1.6 mm, and the block area is 88% of the total plate (blockage). As long as the velocity of the air/H 2 premixture in the holes is higher than the flame propagation speed of the H 2 /air mixture, backfire will not occur. The velocity of the air/H 2 premixture in the holes is calculated by Equation (1):
In the formula, V hole is the velocity of the air/H 2 premixture in the holes and V bulk is the velocity of the air/H 2 premixture in the flashback chamber; V bulk is assumed to be 1 m·s −1 , and B is the blockage (88% for our devices). The results indicate that V hole is 8.3 m·s −1 . The flame propagation speed of the H 2 /air mixture is calculated under the conditions of 298 K, 1 bar, and a chemical equivalence ratio to obtain the maximum value of the H 2 /air premixture flame of 2.6 m·s −1 ; V hole exceeds 3 times the flame propagation speed of the H 2 /air mixture to ensure that backfire does not occur under normal working conditions.
The central jet pipe is installed through the center of the perforated brass plate. The inner diameter of the central jet pipe is 4.6 mm, and the height from the outlet of the nozzle to the plate is 30 mm. The height of the thermocouple detection point is in accordance with the outlet of the nozzle, and the radial distance is 15 mm. The acceptable variation of the thermocouple is ±1.5 K. The mixture of H 2 and air flows into the combustion chamber of the PVCB and is ignited by a spark plug located at the edge of the perforated brass plate to form a hot co-flow. The central fuel (such as methane) is injected into the combustion chamber from the gas cylinder and autoignites to form a lifted flame. The pressure in the combustion chamber increases when the combustion product passes through the small exit of the exhaust valve. Thus, the background pressure of the co-flow in the chamber can be adjusted by changing the diameter of the outlet. Figure 2 shows the schematic of the PVCB system, which mainly consists of the burner, the co-flow supply system, the jet fuel supply system, the cooling system, the security system, and the data acquisition (DAQ) and control system.
Configuration of the PVCB System
In the co-flow line, the hydrogen from the cylinder group and the air from the blower are mixed via the flowmeter and pressure-regulating valve. Therefore, the ER, the flowrate, and the on-off state of the co-flow can be controlled by the computer in the DAQ and control system. In the jet fuel line, the gaseous fuel from the gas cylinder (such as methane) or the liquid fuel from the tank and accumulator is injected into the combustion chamber. The injection duration and the flowrate are adjusted by the solenoid valve, and the mass flow controller is connected to the computer. The cooling system maintains the external surface of the combustion chamber at a relatively low temperature to prevent heat transfer to the flashback chamber. The safety system is applied to close the solenoid valve and cut off the supply of hydrogen when abnormal fluctuations in pressure or temperature occur. The signals from the thermocouple, pressure transducer (precision: 0.1%; measurement range: 0-2 bar), mass flow controller, and high-speed camera are received by the DAQ system and are presented on the computer monitor. The control system is based on a National Instrument DAQ module. By changing the ER, the pressure, and the mass flow rate of H 2 and air in the co-flow, and by controlling the opening degree of the exhaust valve, the required co-flow temperature, background pressure, and oxygen concentration can be achieved. The mixture of H2 and air flows into the combustion chamber of the PVCB and is ignited by a spark plug located at the edge of the perforated brass plate to form a hot co-flow. The central fuel (such as methane) is injected into the combustion chamber from the gas cylinder and autoignites to form a lifted flame. The pressure in the combustion chamber increases when the combustion product passes through the small exit of the exhaust valve. Thus, the background pressure of the co-flow in the chamber can be adjusted by changing the diameter of the outlet. Figure 2 shows the schematic of the PVCB system, which mainly consists of the burner, the coflow supply system, the jet fuel supply system, the cooling system, the security system, and the data acquisition (DAQ) and control system.
In the co-flow line, the hydrogen from the cylinder group and the air from the blower are mixed via the flowmeter and pressure-regulating valve. Therefore, the ER, the flowrate, and the on-off state of the co-flow can be controlled by the computer in the DAQ and control system. In the jet fuel line, the gaseous fuel from the gas cylinder (such as methane) or the liquid fuel from the tank and accumulator is injected into the combustion chamber. The injection duration and the flowrate are adjusted by the solenoid valve, and the mass flow controller is connected to the computer. The cooling system maintains the external surface of the combustion chamber at a relatively low temperature to prevent heat transfer to the flashback chamber. The safety system is applied to close the solenoid valve and cut off the supply of hydrogen when abnormal fluctuations in pressure or temperature occur. The signals from the thermocouple, pressure transducer (precision: 0.1%; measurement range: 0-2 bar), mass flow controller, and high-speed camera are received by the DAQ system and are presented on the computer monitor. The control system is based on a National Instrument DAQ module. By changing the ER, the pressure, and the mass flow rate of H2 and air in the co-flow, and by controlling the opening degree of the exhaust valve, the required co-flow temperature, background pressure, and oxygen concentration can be achieved. The PVCB provides a controllable high-temperature zone and oxygen atmosphere, which benefits the fundamental study of the autoignition of a combustible mixture in homogeneous charge compression ignition (HCCI) combustion.
Compared with a VCB, the characteristics of PVCB are as following:
(1) The background pressure of the PVCB is controllable. The PVCB provides a controllable high-temperature zone and oxygen atmosphere, which benefits the fundamental study of the autoignition of a combustible mixture in homogeneous charge compression ignition (HCCI) combustion.
(1) The background pressure of the PVCB is controllable.
(2) The co-flow does not directly flow into an open space. Therefore, the temperature in the valid region is more stable, and the valid region is extended
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Results and Discussion
Flame Structure
The co-flow of the PVCB presents an active pressurized thermo-atmosphere, which can be adjusted by changing the ER of the premixture (H 2 /air). Thus, the turbulent jet flame and injection under different working conditions can be investigated. The chemical equilibrium at different ERs (0.5-0.35) of the premixtures were calculated with Chemkin. The initial temperature of the premixtures was 300 K. The results of the co-flow temperature, density, and velocity corresponding to the ER are listed in Table 1 . When the ER was beyond 0.35, the oxygen concentrations in the co-flow were lower than 12.7%, making it hard for the jet fuel to autoignite. Thus ERs beyond 0.35 are not listed in Table 1 . The results show that with the increase in the ER, the temperature of the co-flow increased; the temperature range was from 300 to 1300 K. With the increase in the co-flow temperature, the density decreased and the velocity increased. The calculation is helpful for the controlling of working conditions and the setting of boundary conditions. The combustion products of premixtures are listed in Table 2 . The results show that with the increase in the ER, the mole percentage of O 2 decreased. The oxygen mole fraction of the co-flow ranged from 12% to 21%, which could satisfy the jet fuel autoigniton. In the temperature range (700-1300 K) required for the experiment, H 2 was under lean burn conditions. It inhibited the generation of nitrogen oxides and hydrocarbons, as well as other compounds, by the co-flow combustion. Thus, the co-flow was mainly dominated by H 2 O, N 2 , and O 2 , which could greatly simplify the data processing and analyzing. OH groups existed only at high temperatures; the OH group mol percentage increased with the increase in the co-flow temperature when the temperature exceeded 920 K. Therefore, all the OH groups measured in the low-temperature test must have been produced by the central jet, which is very helpful for data analysis. In addition, the background pressure was 1-1.5 bar. The relative co-flow mass flow rate was 20 to 40 m 3 ·h −1 . The jet velocity and diluent gas of the co-flow can also be adjusted. The jet flame will be
affected by the pressurized active thermo-atmosphere, and investigation of the co-flow of the PVCB is necessary. Figure 3 shows the temperature distribution in the combustion chamber when the background pressure was 1 bar and the co-flow mass flow rate was 30 m 3 ·h −1 . The average temperature was approximately 1050 K. The experimental data reveal that the temperature field was stable and the temperature at r/d (r: the radial distance; d: central nozzle inner diameter) = 20 had only a 2% difference from the central region. Compared with the measured data of the VCB by Cabra et al. [4] and Dunn et al. [25] , the PVCB exhibited better temperature uniformity at different axial and radial distances, particularly in the central zone (r/
Temperature Distribution
In addition, the background pressure was 1-1.5 bar. The relative co-flow mass flow rate was 20 to 40 m 3 ·h −1 . The jet velocity and diluent gas of the co-flow can also be adjusted. The jet flame will be affected by the pressurized active thermo-atmosphere, and investigation of the co-flow of the PVCB is necessary. Figure 3 shows the temperature distribution in the combustion chamber when the background pressure was 1 bar and the co-flow mass flow rate was 30 m³·h −1 . The average temperature was approximately 1050 K. The experimental data reveal that the temperature field was stable and the temperature at r/d (r: the radial distance; d: central nozzle inner diameter) = 20 had only a 2% difference from the central region. Compared with the measured data of the VCB by Cabra et al. [4] and Dunn et al. [25] , the PVCB exhibited better temperature uniformity at different axial and radial distances, particularly in the central zone (r/d < 5), which has the most important influence on the lifted flame. The results indicate that the PVCB can be employed for quantitative research in the region of interest (ROI) range. 
Calculated Velocity and Temperature Distribution
Because of the non-axisymmetric structure of the PVCB, the uniformity of the temperature field and the velocity field of the co-flow need to be validated. A solver of Fluent software was employed to simulate the velocity and temperature fields by using the RANS (Reynolds Averaged NavierStokes) method. Figure 4 shows the structure mesh of the PVCB; the parameters and settings of the CFD model are listed in Table 3 . 
Because of the non-axisymmetric structure of the PVCB, the uniformity of the temperature field and the velocity field of the co-flow need to be validated. A solver of Fluent software was employed to simulate the velocity and temperature fields by using the RANS (Reynolds Averaged Navier-Stokes) method. Figure 4 shows the structure mesh of the PVCB; the parameters and settings of the CFD model are listed in Table 3 .
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Calculated Velocity and Temperature Distribution
Because of the non-axisymmetric structure of the PVCB, the uniformity of the temperature field and the velocity field of the co-flow need to be validated. A solver of Fluent software was employed to simulate the velocity and temperature fields by using the RANS (Reynolds Averaged NavierStokes) method. Figure 4 shows the structure mesh of the PVCB; the parameters and settings of the CFD model are listed in Table 3 . Figure 5a ,b shows the simulation results of the velocity and temperature fields of the PVCB at a co-flow temperature of 1133 K and a co-flow mass flow rate of 0.02 kg·s −1 . Figure 5c shows the temperature distribution; as a result of the coolant of the jet pipe, the chamber wall, and the window, the temperature increased first and then decreased as r/d increased and decreased as h/d (h: lift-off height) increased when r/d > 2, which agreed with the experimental results. Because the exhaust valve exists, a back-flow occurred near the top of the burner; however, the velocity field at the central part was not interfered with. The results indicate that the PVCB provides uniform and stable temperature (the temperature in the central zone changed by less than 1%, except when h/d = 0, which did not impact the stabilization of the lifted flame) and velocity fields (the velocity vector was almost the same as the co-flow inlet direction, and there was no obvious turbulence or back-flow) in the central part (r/d < 5) of the combustion chamber. 
Flame Stabilization
The working conditions of the experiment are listed in Table 4 to study the influence of background pressure on the lift-off height and stabilization of the methane lifted flame. The lift-off height and the standard deviations of the lift-off height are the main factors for flame stabilization mechanism research and model validation. The lift-off height was obtained by using visualization techniques at the lowest point at which luminosity from the flame was detected. In the experiment, the background pressure after injection was higher than the background pressure before injection because of the exothermic reaction of methane combustion. Methane was selected as the central jet fuel instead of hydrogen because a methane flame is brighter, enabling the flame to be better captured by the high-speed camera. Figure 6 shows the images of the lifted flame at a background pressure that ranged from 1 to 1.043 bar. The lifted flame is blue and bright at the edge and dark in the central region because the central fuel temperature was low and only partially mixed with air; thus, the edge of the central fuel autoignited first. The lift-off height evidently decreased with the increase in the background pressure; thus higher pressure values were not tested in this research.
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In the formula, H K is the lift-off height, V jet is the velocity of the jet fuel, and v jet is the viscosity of the jet fuel; S L is the maximum laminar flame speed, ρ jet is the density of the jet fuel, and ρ coflow is the density of the co-flow. The equation means that the lift-off height of the jet turbulent flame will Energies 2018, 11, 1402 11 of 13 decrease with the increase in laminar flame speed. Figure 9 shows that the laminar flame velocity varied with background pressure calculated by the same reaction mechanism. The laminar flame velocity decreased as the background pressure increased. For a general steady flame, the flame propagation velocity is equal to that of the fuel flow. When the flame propagation speed decreases or the fuel flow rate increases, the flame tends to develop downstream. However, in this work, this was not the case with the lifted flame in the experiment.
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Conclusions
In this work, a pressurized vitiated co-flow burner (PVCB) was designed and built for lifted flame stabilization study, which can provide a controllable pressurized high-temperature zone and oxygen atmosphere. A preliminary application for a methane lifted flame was tested in the PVCB and a Chemkin numerical simulations with Gri-mech 3.0 were analyzed as well. The major conclusions could be drawn as follows:
(1) A burner for studying turbulent combustion and flame stabilization was built and presented.
The burner has a controllable background pressure (1-1.5 bar). (2) The temperature in the ROI is more stable (300-1300 K), and the ROI is extended, which provides more accurate boundary conditions. (3) A preliminary application for a methane lifted flame was tested in the PVCB; the experimental results indicate that a lifted flame is significantly influenced by background pressure. The liftoff height decreased to 40% when the background pressure increased by 4.3%. With the increase in background pressure, the standard deviation of the lift-off height decreased, which indicates that the lift-off height is more stable at a higher background pressure. Figures 8 and 9 show that under the described conditions, the changes in autoignition delay were consistent with the lift-off height, while the flame velocity was not. In previous experiments [13, 14] , the autoignition delay and the flame propagation velocity were both influenced by the co-flow temperature, which resulted in the same lift-off-height change trends. In particular, the increase in the co-flow temperature led to the shortening of the autoignition delay and an increase in the flame propagation speed. Thus, whether the autoignition delay or the flame propagation speed dominated the flame stability mechanism, the results were consistent with the experimental data of the lifted height. The results in this work prove that autoignition delay, instead of flame propagation, dominates the stabilization mechanism of the lifted flame in the PVCB. Jangi et al. [12] inferred that, "The liftoff height is controlled by the autoignition process in fuel-lean gases, and not by premixed flame propagation". The investigation in this paper showed a similar result to their work.
The burner has a controllable background pressure (1-1.5 bar). (2) The temperature in the ROI is more stable (300-1300 K), and the ROI is extended, which provides more accurate boundary conditions. (3) A preliminary application for a methane lifted flame was tested in the PVCB; the experimental results indicate that a lifted flame is significantly influenced by background pressure. The lift-off height decreased to 40% when the background pressure increased by 4.3%. With the increase in background pressure, the standard deviation of the lift-off height decreased, which indicates that the lift-off height is more stable at a higher background pressure.
(4) The comparison of the experimental results and the Chemkin simulation results shows that autoignition delay dominates the stabilization mechanism of the lifted flame in the PVCB, which agrees with the work of Jangi et al. [12] .
